FeWO 4 particles were synthesized by a simple, rapid and facile microwave technique and their catalytic properties in heterogeneous photo-Fenton reaction were evaluated. This material was employed in the degradation of Amaranth azo dye. Individual and interactive effects of operational parameters such as pH, dye concentration and H 2 O 2 dosage on the decolorization efficiency of Amaranth dye were evaluated by 2 3 central composite design. According to characterization techniques, a porous material and a well-crystallized phase of FeWO 4 oxide were obtained.
INTRODUCTION
Dye-containing industrial effluents can cause various environmental impacts, due to their high toxicity and carcinogenic aspects (Combes & Haveland-Smith ) . Specifically Amaranth, a synthetically prepared carcinogenic azo dye, is widely used in the food and cosmetic industries (Combes & Haveland-Smith ) . Discharge of Amaranth into the water bodies can cause environmental degradation. Therefore, the search for alternative routes to remove the dye is necessary. The methods used most frequently for dye removal include physical adsorption, chemical oxidation and biological degradation (Zhang et al. ; González-Martínez et al. ; Weber et al. ) . Furthermore, advanced oxidation processes (AOPs) have been widely applied to wastewater treatment because they are characterized by the formation of highly oxidizing species (i.e., HO • radicals), which are able to degrade organic compounds (Pignatello ) . Among all technologies based on the AOPs, the heterogeneous Fenton reaction has been successfully employed for the degradation of several chemical compounds (Pouran et al. ) . The Fenton technology applies the combination of H 2 O 2 and Fe 2þ in an acidic aqueous medium (pH 3) producing highly oxidative radicals (HO • ) (Pignatello ), leading to mineralization of pollutant molecules. In the presence of a light source (well-known as photo-Fenton reaction), the degradation rate substantially increases (Pignatello ; Soon & Hameed ) . The advantage of this technique is that the iron-based catalyst can be easily separated from the solution by a magnetic field for further reutilization, thus avoiding secondary pollution by metal ions (Anchieta et al. ) .
Several iron-based materials could be applied as heterogeneous Fenton catalysts (Munoz et al. ) ; however, the use of iron tungstate oxide (FeWO 4 ) for this application is rare. Due to its electronic structure and magnetic properties, FeWO 4 has been studied in different applications (Almeida et al. ) . Particularly in the environmental field, FeWO 4 oxide was evaluated as photocatalyst for degradation of Rhodamine B and methyl orange dyes under UV light (Zhou et al. ; Guo et al. ) . Some techniques were developed for the synthesis of iron tungstate, such as solvothermal (Zhou et al. ) , hydrothermal (Guo et al. ) and microwavehydrothermal (Almeida et al. ) . However, the use of the microwave route for the preparation of this material is new and has scarcely been explored.
Hence, the purpose of this work was to prepare FeWO 4 particles via the microwave route and to evaluate their catalytic properties for the Amaranth dye degradation by photo-Fenton process. The effects of some operational parameters on the Amaranth degradation were assessed by an experimental design, while the recyclability of the catalyst was examined.
MATERIALS AND METHODS

Preparation and characterization of FeWO 4 catalyst
FeWO 4 catalyst was prepared by a microwave-assisted hydrothermal method. Sodium tungstate (Na 2 WO 4 ⋅2H 2 O) and ferrous sulfate (FeSO 4 ·7H 2 O) were used as starting materials. Sodium tungstate (0.33 g) was dissolved in deionized water (50 mL) under magnetic stirring. The same procedure was applied to the ferrous sulfate (0.14 g dissolved in 50 mL of water). The sodium tungstate solution was added into the ferrous sulfate solution under magnetic stirring. The pH of the final solution was then adjusted to 7.0 using NaOH solution (4M). Then the resulting homogeneous solution was transferred into a high-pressure Teflon reaction vessel and submitted to microwave irradiation (MARS 6 Microwave, ESP 1500 plus, USA) under the following conditions: temperature (180 W C), power (600 W) and time (20 min). The solids obtained were collected and washed with deionized water and ethanol several times, and then dried at 110 W C for 12 h.
FeWO 4 oxide was characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), BET (Brunauer-Emmett-Teller) surface area measurement and particle-size distribution. X-ray diffraction pattern was obtained using a Rigaku Miniflex 300 diffractometer. The X-ray source was Cu-Kα radiation (λ ¼ 1.54051 Å), powered at 30 kV and 10 mA. Data were collected over the 2θ range 10-55 W with a step size of 0.03 W and a count time of 0.9 s per step. By means of FTIR, the spectrum of sample pressed into a KBr pellet (10 mg iron tungstate/300 mg KBr) was obtained by a Shimadzu IR-Prestige-21 spectrometer (Shimadzu, Tokyo, Japan) in the range 4,000-500 cm À1 . Nitrogen adsorption-desorption isotherms were obtained from nitrogen adsorption isotherms at 77 K, carried out on an ASAP 2020 apparatus at a relative pressure (P/P 0 ) ranging from 0 to 0.99. The particle-size distribution of the sample was measured using a laser particle size analyzer (Mastersizer 2000, Malvern Instruments, Malvern, UK).
Photo-Fenton assays
Amaranth, a commercial azo dye (CAS number: 915-67-3; chemical formula: C 20 H 11 N 2 Na 3 O 10 S 3 ; molecular weight: 604.47 g mol À1 ; chemical structure is shown elsewhere (Zhang et al. )) was used as target pollutant. The catalytic activity of the produced solid was evaluated through the Amaranth dye degradation reaction under visible light irradiation (wavelength > 400 nm). All experiments were conducted in a glass batch reactor (100 mL capacity, 6 cm inner length, 5 cm inner diameter) open to the atmosphere and irradiated by a spiral commercial fluorescent lamp (85 W, Empalux). The lamp was placed vertically at 10 cm from the aqueous solution. A filter to cut any light below the absorption wavelength of 400 nm was used. The operational parameters such as dye concentration, pH value and hydrogen peroxide concentration were studied according to the experimental design shown in Table 1 . In order to study the photo-Fenton process, 50 mg of catalyst was dispersed into an aqueous solution of Amaranth (50 mL) and kept under magnetic stirring in the dark to attain the adsorption equilibrium. After the adsorption stage, an aliquot of hydrogen peroxide (H 2 O 2 ) was added to the solution to initiate the reaction. The suspension was irradiated by lamp, and aliquots were collected at set time intervals, followed by suspension filtration using polyvinylidene fluoride (PVDF) membrane (0.45 μm). All experiments were carried out at room temperature. The dye concentration in filtered solution was determined by the absorbance reading on an UVvis spectrophotometer (Shimadzu, UV-2600) at a maximum absorption wavelength of 520 nm. The dye removal efficiency in terms of decolorization was defined by Equation (1):
where C o is the initial dye concentration and C t is the dye concentration at reaction time t. Mineralization efficiency of Amaranth was monitored in order to evaluate the remaining total organic carbon (TOC) in solution. The TOC measurements were carried out using a TOC-L CPH/CPN analyzer (Shimadzu, Kyoto, Japan). Dye removal efficiency in terms of mineralization was calculated by Equation (2):
where TOC o and TOC t are the values at reaction time 0 and t, respectively. The Fe content in the filtrate was analyzed by atomic absorption spectroscopy (Agilent Technologies, 200 series AA, Santa Clara, CA, USA), and the residual H 2 O 2 at the end of reaction by using MQuant peroxide test strips (Merck KGaA, Darmstadt, Germany). FeWO 4 was reused five times to degrade the Amaranth dye to evaluate the stability and recyclability of the catalyst.
Experimental design
In the present study, the central composite design was employed for the optimization of the photo-Fenton process. In order to evaluate the influence of operating parameters on the decolorization efficiency of Amaranth, three main factors were chosen: initial dye concentration, initial pH and H 2 O 2 concentration. Eleven experiments were employed, including 2 3 ¼ 8 cube points and three replications of the center point. The time reaction was fixed at 60 min and catalyst loading was fixed at 1.0 g L À1 . Experimental data were analyzed using the Statistica 10 software (Statsoft, USA).
RESULTS AND DISCUSSION
FeWO 4 characterization
Characterization results of FeWO 4 oxide prepared by the microwave technique are shown in Figure 1. Figure 1(a) shows that all reflection peaks from the XRD pattern can be indexed to a well-crystallized monoclinic phase of FeWO 4 , which is consistent with the reported values of the Joint Committee on Powder Diffraction Standards (JCPDS), card n W 74-1,130. As shown in Figure 1 (a), no characteristic peak of impurity was detected on the XRD pattern, meaning that the material exhibited a high degree of purity and single phase. According to FTIR transmittance spectrum of the FeWO 4 (Figure 1(b) ), stretching modes of W-O bonds were detected at 813 and 868 cm À1 (Gesheva et al. ) , whereas the Fe-O stretching was detected at 640 cm À1 (Cornell & Schwertmann ). These findings confirm the formation of FeWO 4 structure, corroborating to the results from XRD analysis. From the particle size distribution curve (Figure 1(c) ), the particle size ranged between 1.25 and 45.70 μm, resulting in an average particle size of 18 μm. The N 2 adsorptiondesorption isotherms and corresponding pore size distribution curve for the FeWO 4 particles are shown in Figure 1(d) . The N 2 adsorption-desorption isotherms are of type IV according to the IUPAC classification, characteristic of predominantly mesoporous structures. The pore size distribution curve (illustrated in the inset of Figure 1(d) ) is mainly distributed in the range of 2À50 nm, and is agreement with a mesoporous structure. Furthermore, the maxima at the initial stage of pore size distribution curve (pore size < 2 nm) imply the existence of some micropores (Gao et al. ) . According to our findings, the values of (BET) surface area, average pore size and total pore volume of the ZnWO 4 oxide were 15.5 m 2 g À1 , 24 nm and 0.08782 cm 3 g À1 , respectively.
Central composite design Table 1 shows the results obtained in 2 3 experimental design to evaluate the individual and interactive effects of the independent variables such as dye concentration, pH and H 2 O 2 dosage on the decolorization efficiency of Amaranth dye. Based on the results presented in Table 1 , a Pareto chart ( Figure 2 ) was utilized to verify the effects of the process variables on the dye removal efficiency in terms of decolorization. Figure 2 shows that all variables were significant (P < 0.05) in relation to the decolorization efficiency, except the interaction between dye and H 2 O 2 concentrations. The Pareto chart shows that pH value had the highest influence on dye removal efficiency, presenting a negative effect, which means that the decolorization efficiency decreases as the solution pH increases. This effect could be observed by the comparison of assays 5 and 7 in Table 1 , being the removal efficiencies of 97.03% and 17.87% at pH 2.5 and 3.5, respectively, with 25 mg L À1 dye and 15 mM H 2 O 2 . The improved result may be attributed to the increased amount of generated HO • radicals at lower pH value (Pignatello ; Legrini et al. ) . The H 2 O 2 concentration had a positive effect on removal efficiency. H 2 O 2 is also an important parameter for photo-Fenton process efficiency. It can be seen through runs 1 and 5 that the decolorization efficiency increased with the increasing of H 2 O 2 dosage from 5 mM to 15 mM, leading to an increase of efficiency from 77.63% to 97.03%, respectively, with 25 mg L À1 dye and pH 2.5. In this case, a higher H 2 O 2 dosage improved the rate of dye decolorization, and this may be attributed to a higher production of reactive hydroxyl radicals (HO • ) (Pignatello ; Gao et al. ). According to Figure 2 , dye concentration also showed a positive effect on removal efficiency, implying that the decolorization efficiency decreased with the increase of initial dye concentration, as can be observed by the comparison between runs 5 and 6. At higher dye concentration, a smaller number of active sites available on the catalyst surface occurs, leading to a decrease in the formation of HO • radicals (Xu et al. ) . According to interactive effects among the process variables displayed in Figure 2 , it can be concluded that the correlation between pH and dye concentration had a more significant effect on decolorization efficiency. Therefore, under the limited experimental conditions employed in this work, the highest decolorization efficiency was obtained with lower pH value and dye concentration, and higher dosage of hydrogen peroxide.
Preliminary experiments in the presence of catalyst in the dark without H 2 O 2 (catalyst/dark), without catalyst Figure 3 illustrates the changes in the UV-vis spectrum of Amaranth by the photo-Fenton process as well as its respective decolorization kinetics, under the best operating conditions (according to run 5 shown in Table 1 : C o ¼ 25 mg L À1 , pH ¼ 2.5, H 2 O 2 dosage ¼ 15 mM) until 60 min of reaction period. The rapid decrease of the absorption peak at 520 nm indicates that dye was substantially degraded from the aqueous solution, reaching 97% at 60 min of reaction. This implies that -N5 5Nbonds of the azo dye molecules were destroyed (Soon & Hameed ) and consequently, the solution color disappeared, as shown in the inset of Figure 3(a) . To obtain the decolorization kinetics of Amaranth, the normalized dye concentration, C t /C o , as a function of reaction time was plotted (Figure 3(b) ), giving a straight line, which indicates zero-order reaction (Foletto et al. ) . The slope of this line corresponds to the apparent reaction rate constant (k), which was 0.0164 mg L À1 min À1 . Based on the experimental observations and as reported in literature (Gao et al. ; Li et al. ) , a simplified general mechanism for the heterogeneous photo-Fenton decolorization of Amaranth over FeWO 4 catalyst could be depicted as follows (Equations (3)-(5)):
The initial reaction occurs between Fe III and H 2 O 2 (Equation (3)), where Fe III quickly converts to Fe II under visible light irradiation (hv), which reacts with H 2 O 2 (Equation (4)), producing highly oxidant radicals, especially HO • radicals, which are effective for the Amaranth decolorization (Equation (5)). In Equations (3) and (4), ≡Fe III and ≡Fe II correspond to iron species on the surface of the FeWO 4 catalyst. Detailed reactions involving the degradation of Amaranth dye by the Fenton reaction have been presented elsewhere (Zhang et al. ) . 
TOC removal and reusability of the FeWO 4 catalyst
Reusability of catalyst is a very important parameter that can be used to measure its stability and activity. The condition chosen to carry out the tests of reuse were the best conditions found in the experimental design, run 5 (Table 1 ). In these conditions, assays for TOC removal were also realized at 240 min of reaction time. At this time, a complete elimination of residual hydrogen peroxide was detected. The recycling procedure of used FeWO 4 catalyst in the reaction is described as follows: FeWO 4 catalyst that remained in the first reaction was separated by centrifugation, washed with deionized water and ethanol several times, and dried at 100 W C for 12 h. Thus, the dried powder was used as catalyst again. This procedure was repeated for five cycles, as shown in Figure 4 . At the end of the fifth cycle, the decolorization efficiency of the catalyst was 93%. TOC removal was around 58% in the first cycle, declining to 47% in the fifth cycle. In addition, an iron content of 2.25 ppm was detected at the end of the first assay, declining to 0.80 ppm after the fifth cycle. This level is below those established by the Brazilian environmental legislation (CONAMA) for discharge into a body of water. Therefore, these results indicate a satisfactory stability of the catalyst and good oxidative capacity for the Amaranth molecules.
CONCLUSIONS
FeWO 4 catalyst was successfully prepared using an efficient synthesis procedure via a microwave technique. The produced material presents high crystallinity and mesoporous structure, which are essential characteristics for catalytic purposes. Heterogeneous photo-Fenton process using FeWO 4 oxide as a catalyst demonstrated a satisfactory ability for decolorization and mineralization of the Amaranth dye from aqueous solution. Under the best reaction conditions, around 97% decolorization and 58% mineralization were achieved. The efficiency and stability of the FeWO 4 catalyst remained high after five cycles of reuse, which demonstrates that the catalyst could be very promising for the treatment of azo dye-containing wastewater.
